Abstract
motility and sperm tail length of bovine sperm cells of the upper and lower fraction. The 23 metabolic assay platform reveals oxygen consumption rates and extracellular acidification rates 24 simultaneously and thereby delivers the metabolic rates in real time. Our study confirms the 25 upper fraction of bull sperm has improved motility compared to the cells in the lower fraction 26 and shows higher metabolic rates. This pattern was consistent across media of two different 27 levels of viscosity. Sperm with longer flagella are selected in the upper fraction. We conclude 28 that the motility-based separation of the swim-up technique is based on metabolic differences.
29
Metabolic assays could serve as additional or alternative, label-free method to evaluate sperm 30 quality, which is likely particularly useful in cases of asthenozoospermia and teratospermia.
31
Furthermore, metabolic measurements of sperm cells can reveal differences in metabolic 32 pathways in different environments. for sperm morphology, current in vitro sperm selection assays in assisted reproduction are 8 mostly based on motility assays, maturity (based on sperm binding to hyaluronic acid), zona 9 pellucida binding, assessment of acrosome reaction, or mucus penetration 3, 4 -all processes that 10 require energy.
11
Sperm cells obtain their energy through two main pathways, oxidative phosphorylation (ATP 12 production through the electron transport chain of the mitochondria) or glycolysis (ATP 13 production in the cytosol by breakdown of sugars). The degree to which these metabolic 14 pathways are employed in sperm is species-specific and either oxidative phosphorylation or 15 glycolysis can be more pronounced under certain conditions 5 . For instance, it is known that in 16 murine sperm, glycolysis is the dominant pathway, while in bovine sperm, oxidative 17 phosphorylation is preferred [5] [6] [7] [8] . In human sperm, both pathways are essential for energy 18 production. However, glycolysis is sufficient to maintain motility if glucose is present in the 19 medium 9, 10 . It is also predicted that sperm can switch between pathways depending on the 20 conditions in the female reproductive tract, substrate and oxygen concentrations 8, 11 .
21
As most of the sperm's energy goes towards motility, it is commonly used as an indicator for Figure 1 ).
11
The upper fraction showed higher OCR across the three bulls from three different breeds 
6
This indicates that the swim-up selects sperm with higher metabolic rates. The fact that the 14 Plotting the average basal OCR over the average basal ECAR (see Figure S1 ) results in the overall metabolic activity, but rather shows a shift in metabolic pathway usage.
29
The influence of medium viscosity 
18
Across both viscosities, the lower fractions displayed the lowest OCR ( Figure 2b ) and sperm and therefore, overall metabolic rate.
6
The difference in energetic phenotype between upper and lower fraction was also maintained 7 through both levels of viscosity ( Figure S1 ), as was the difference in OCR/ECAR ratio 8 (p<0.043, see supporting information Figure S3 ). Table   15 4 in SI). The upper fractions also had higher values than the initial sperm sample (before swim-16 up). ATP production was similar in higher compared to lower viscosity for all fractions ( Figure   17 S7 in supporting information).
18
These results indicate that the swim-up separates sperm into fractions of higher and lower ATP 19 production, but that swim-up does not reflect a precise measure of ATP production. Next, we looked at the current ATP content of upper and lower fraction sperm, determined in Theory suggests that sperm tail length correlates with power output and can thus be considered 5 a selection parameter for most efficient sperm swimming 35 . Indeed, swim-up selected sperm 6 with longer flagella in at least one study 21 . In our study ( Figure 5 ) we found in all individuals 7 that the upper fraction of swim-up sperm contained longer sperm tails compared to the initial 8 sperm sample (p=0.04). The lower fraction consistently contained shorter tailed sperm (p=0.05, 9 Figure 5 and Table 7 in SI). This article examines metabolic differences underlying the swim-up method used for sperm 9 analysis in clinical and veterinary settings. We confirmed for bull that swim-up selects sperm 10 of higher motility. We additionally reveal that the standard andrological method of swim-up 11 separates sperm into fractions of high and low metabolic rates and these are based on both, 12 higher oxygen consumption rates and extracellular acidification rates. We also show that swim- science. It is a possibility that this notion extends to the sperm of other animals and humans.
22
The upper swim-up fractions displayed both highest oxygen consumption rates and highest were suggested to be one way of quality control for sperm 43 . While it was argued that such long 5 distances make high metabolic rates beneficial (the winning-the-race argument 43 ) it seems that 6 because sperm are stored by females before fertilisation, low metabolic rates may be beneficial 7 because ATP would be used up slower and sperm retain motility for longer. It was predicted 8 that ATP content could be an interesting parameter coupled to fertility and gives supplementary 9 information about sperm quality. 44 It was reported that ATP content did not necessarily 10 correlate with motility, but was influenced by preservation method and post-thaw incubation
11
time. Yet, further research is needed to understand the connection between ATP content and 12 fertility. In our example, we found that low ATP reserves likely indicated high ATP 13 expenditure. Combining measures of ATP reserves and ATP production rate might be a useful 14 prediction parameter for sperm quality.
15
In our study we include 12 bulls from three genetically different breeds. The variation in the 
28
In conclusion, we propose that measuring metabolic activity of sperm can be an important
29
indicator for sperm quality and their migration success. Oligomycin A was reached in each well. The ATP production due to oxphos can be calculated 5 by subtracting the OCR rate after injection from the basal OCR rate, as displayed in Figure 3a .
6
After the metabolic measurements, the viability of cells was checked by viability stain counting chamber in order to normalize the values to sperm numbers.
10
For the investigation of metabolic rates of bull sperm in two different levels of viscosity, swim- in the supporting information.
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